Bi-daily, tidally modulated stick-slip speed-ups of the Whillans Ice Plain (WIP) provide insight 25 into glacier dynamics and failure at a naturally repeating fault asperity. We installed a network 26 may be controlled by a discontinuity in basal boundary conditions at the suture between two ice 33 streams. A strong correlation between the amplitude of seismic waves generated at the rupture 34 front and the total slip achieved over the duration of the slip event (~ 30 min) suggests slip-35 predictable behavior, i.e., the ability to forecast the eventual slip based on the first minute of 36 seismic radiation. Successive slip events propagate with different rupture speeds (100-300 m/s) 37 that strongly correlate (R 2 = 0.73) with the inter-event duration. In addition, the amount of slip 38 achieved during each event appears to be correlated with the rupture speed. We use these 39 observations to constrain basal shear stress to be 4 kPa by calculating conditions for basal 40 freezing. Our observations yield information regarding mechanics and dynamics of ice stream 41 beds at the scale of 10s to 100s of km. Subglacial processes are notoriously difficult to constrain 42 on these large scales, which are relevant to the understanding of regional and continental ice 43 motion. 44 45
3
The recently discovered episodic slip events on the Whillans Ice Stream in Antarctica 47 indicate that twice a day the glacier locally speeds up to a slip rate of 10s of cm per hour for 20-48 30 minute periods [Bindschadler et al., 2003a] . Wiens et al. [2008] have shown that the slip 49 velocity of the ice becomes fast enough during these slip events to generate seismic waves that 50 are observable at far-field stations near the South Pole (QSPA) and the Dry Valleys, Antarctica 51 (VNDA). 52
Twice daily stick-slips are intrinsically interesting as a direct indication of the mode of 53 glacier motion and episodic slip provides a window into the physical conditions at the base of the 54 glacier. Periodic or episodic movement in a system driven by far-field, steady motion is a 55 hallmark of stick-slip as most commonly evidenced by earthquakes on tectonic faults [e.g. Brace 56
and Byerlee, 1966] . Winberry et al. [2009] suggest that this basic stick-slip model is applicable 57 to the ice sheet, where the base is locked by friction between events and loaded by elastic strain 58 accumulation in the glacier. Eventually the local frictional resistance is overcome and the glacier 59 jerks forward, releasing the elastic stress, and beginning the cycle again. In this scenario, the 60 timing, size, and location of the slip events provide information about the basal friction, and its 61 control on overall glacial movement. 62
In this paper, we use newly acquired field data and techniques borrowed from the tectonic 63 earthquake community to closely study these episodic slip events, to constrain the conditions at 64 the base of the glacier. After describing the data collection, we highlight five key observations 65 about glacial slip events: (1) the presence and shape of an initiation phase in addition to 66 previously reported stopping phases, (2) the variability of the rupture speed and its association 67 with final slip, (3) the location of the start of slip events, (4) the correlation between the initiation 68 phase amplitude and the final slip, and (5) the presence of inter-event creep. We then proceed to 69 We obtained broadband seismic data from far-field stations VNDA (~990 km from WIP) 141 and QSPA (~650 km from WIP) for the time period overlapping operation of our on-ice stations. 142
Examples of waveforms from these stations appear on the lower half of Figure 3 . Figure 3  143 contains a case of a triple-phase long period waveform from VNDA first described by Wiens et 144 al. [2008] . Throughout this paper, we refer to the three phases on the far-field record as Phase Phase B and C arrivals were interpreted to be stopping phases and located both using a surface 155 wave grid-search technique. According to their methods, Phase B locates ~50 km south of "Ice 156
Raft A", near the region we suggest the slips start (see Figure 1 and below for location methods), 157 and Phase C locates ~120 km north of "Ice Raft A". 158
Phase B arrives at VNDA ~11-24 minutes after the first detected motion on the Ice Plain. 159
The travel-time for a Rayleigh wave originating at the Ice Plain would be only ~5.5 minutes. In 160 the next section, we show that this can be explained by a rupture speed variation of up to a factor 161 8 of two between subsequent events. When Phase B is generated, the on-ice stations (A702 and 162 Cookie) consistently observe Phase B ~5.5 minutes prior to VNDA. The constant relative timing 163 of the near-field and far-field arrival supports their identification as the same seismic phase. 164
The on-ice stations never record Phase A. If this phase corresponds to the initiation of 165 rupture at the origin of the slip event as proposed by Wiens et al. [2008] , then it originates ~50 166 km from any of our stations (A more precise location will be provided below). Absence of Phase 167 A arrivals in the near-field records suggests that it does not propagate in ice at close distances. 168
Phase A is distinct from the initiation phase that accompanies the beginning of slip at each 169 station. Phase A records the global initiation of slip on the ice stream; the initiation phase records 170 the local slip start as the rupture front arrives at a station. 171 172
Rupture Speed Variations 173
The difference in time between the arrival of stopping Phase B at station VNDA and the 174 start of a slip event detected at on-ice stations varies between events. The difference covers a 175 range of ~11-24 min, which is much greater than the ~5.5 min travel-time for a Rayleigh wave 176 originating at WIS to travel ~1000 km to VNDA. The range in the arrival time of Phase B 177 suggests that the time for the slip to rupture across the WIP varies from ~5 to 18 min. Such a 178 range in rupture time can be generated by subsequent changes in either rupture speed or rupture 179 length. Previous work [Wiens et al., 2008] showed that the rupture speed varies from 0.1-0.2 180 km/s for each event. Therefore, we first investigate the possibility that the variability in Phase B 181 arrivals is due entirely to variation in rupture velocity. Later, we will pursue the alternative 182 hypothesis by varying the rupture length. Seismic arrival times are much more reliable for timing of the rupture front propagation 249 than determining arrival of the rupture using GPS, as it is difficult to accurately pick an arrival 250 time on coarsely sampled GPS data (15s sample spacing in this study). At co-located stations, 251 automatic and handpicked GPS initiation times can range from simultaneous to 60 seconds after 252 the seismic arrival. Therefore, picking seismic arrivals is better suited for inverting for the origin 253 of the slip-start. 254
The zone does not intersect "Ice Raft A," as suggested in Wiens et al. [2008] . One 255 possible issue is that Wiens et al. [2008] state that the rupture speed is ~1000 m/s within 20-30 256 km of the nucleation zone and decreases to ~100 m/s at the edges of WIP. Given these 257 approximate guidelines, we performed a second inversion using a velocity of 1000 m/s at the GPS slip displacement at one particular GPS station, M8. We measure the amplitude of the 275 13 initiation phase after applying a high-pass filter at 3,000 s (Figure 2 ). There is a strong linear 276 correlation between amplitude and slip for all stations. The correlations (See Figure 7 for R 2 , p-277 value, and slope of each fit) imply that the events are slip-predictable, with the probability of 278 random occurrence (p-value) being less than 1% at stations M6, Cookie, and Crevasse. 279
Seismic waves can be generated during both acceleration and deceleration of slip and 280 their amplitude scales with the moment rate [Lay and Wallace, 1995] . suggests that the slip events appear to stop at a rate that scales with total event slip. 283 284
Inter-Event Stable Sliding 285
The WIP does not remain locked during inter-event periods [Bindschadler et al., 2003b] . 286
We observe inter-event surface displacement that accounts for ~50% of the total daily motion for 287 most stations within our network. Given the low driving stresses of a few kPa acting on WIP, 288 contribution of internal ice deformation to surface velocity is minor [Joughin et al., 2002; 289 Joughin et al., 2004] . Hence, during the inter-event period, the WIP is stably sliding. We 290 calculate the average stable sliding velocity by differencing positions after a slip event and prior 291 to the subsequent event and dividing by the elapsed time (inter-event duration). 292
We observe that the average stable sliding velocity varies for different inter-event periods 293 with the largest scatter at the smaller periods (Figure 9 ). For inter-event periods greater than the 294 semi-diurnal period (~ 0.5 day), the inter-event velocity is on average ~0.5 m/day for stations 295 M8, M9, and Cookie. Station Whigh has a creep velocity ~1/2 that of the above three stations, 296 yet slips nearly twice as much as M8 and M9 during slip events (See Supplementary Table 2) . 297
Therefore the long-term average surface velocity is similar for all the stations despite the 298 14 differences in partitioning of the total motion between stable sliding and slip events. 299 300
Interpretation 301

Comparison to Tectonic Earthquakes 302
Glacier stick-slip motion on the WIP is a useful analogue for and may provide insight 303 into tectonic earthquakes. The events we describe in this paper are not quite stick-slip motion, in 304 the sense that the base is not "stuck." Stable inter-event sliding is punctuated by the arrival of a 305 rupture front, which initiates the unstable slip motion. Such a process is analogous to the rupture 306 of large earthquakes into areas less coupled than the frictional asperities believed to be the 307 predominant zones of nucleation [e.g. Moreno et al., 2010] . Bi-daily repeatability and relatively 308 large rupture area on the WIP provide a rich dataset for studying variations in rupture processes 309 and assessing the balance of elastic stresses during rupture. In this paper, we have attempted to 310 measure relevant characteristics of the rupture process, including the amplitude of a wave 311 traveling with the rupture front propagation, slip during the event, and rupture speed of the 312 propagation. 313
The geometry of the glacier results in unusually close near-field records for a slip event. 314
Most large earthquakes only intersect the surface in a relatively narrow zone and often this area 315 is underwater at subduction zones. There is seldom an opportunity to place seismometers within 316 1-2 km of the rupture plane in multiple locations. Therefore, few near-source records exist that 317 accurately record wave amplitudes associated with the propagation of a rupture front. Our 318 observations of the initiation phase amplitude scaling with eventual slip could motivate future 319 investigations into earthquake rupture. 320
In general, earthquake rupture speeds are usually approximately 0.9 times the shear wave 321 speed and vary relatively little except for a few extreme cases [Kanamori and Brodsky, 2004] . 322
There is no evidence for systematic variation of rupture speed with earthquake size. This 323 consistency for earthquakes is thought to reflect the control of the shear wave speed on the 324 rupture of a dynamic shear crack. Here, we have shown that rupture speeds vary by a factor of 325 two for the WIP events and there is a systematic variation with total slip (Figure 6 ). In order to 326 accommodate this difference, either the rupture propagation process must be fundamentally 327 different than rapid shear failure observed on tectonic faults or the shear wave velocity at the 328 base must vary in time. 329 330
Physical Controls on Slip Start Location 331
Our locations show that the slip starts in a region adjacent to the southern section of the 332 WIP grounding line (Figure 1 ). Due to the overlapping error ellipses, we cannot assess whether 333 the events nucleate in a critical slipping region or if there is a separate origin for each event. The 334 location of the slip-start differs significantly from a previous study [Wiens et al., 2008] that 335 located the slip starts at "Ice Raft A" and suggested that "Ice Raft A" acts as an asperity. 336
The spatial difference between locations in our experiment and the TIDES experiment 337 [Wiens et al., 2008] could be due to migration of the dominant asperity over the 4 year period 338 separating the experiments. Temporal variation in asperity location might be related to the 339 century scale slowdown of the WIS [Bougamont et al., 2003] , which likely causes a 340 redistribution of the basal stresses. The WIS also contains a dynamic subglacial lake network at 341 its base [Fricker and Scambos, 2009 ], which could cause stress redistribution at relatively short 342 timescales. Lake 10, which is located at the up-ice edge of the "Ice Raft A," has been filling 343 since observations with IceSAT began (~2004) and is a potential cause for the slip start 344 16 migration. 345
Radar imaging of the suture helps to shed light on the basal conditions that may control 346 the slip start location. We assume that the radar image shown in Figure 10 is representative of 347 the suture zone, though it was collected ~50 km from the slip start locations. The data in Figure  348 10 shows that the bed is more reflective below WIS-sourced ice than MIS-sourced ice, and the 349 height of the overlying ice increases to the southwest, which is where our origin locations 
Stress Drops for Glacier Stick-Slip Events 383
One window into the glacial dynamics is the stress drop during slip events. Stress drops 384 are commonly measured for earthquakes, but because the WIP is a planar slab of ice with a high 385 length-to-thickness aspect ratio, we need to modify the standard seismological theory for this 386 case. 387
First, we consider the stress equilibrium, , and assume that the derivatives in the 388 y-direction, perpendicular to ice flow, are negligible, 389
390 where H is the thickness of the ice stream (~600 m), L is length (~100 km), x is the slip direction, 391 and z is depth. Next, we use Hooke's Law for the stress-strain relationship, 392 , In the calculations for Figure 11 , we have assumed a constant rupture length. Due to the 405 geometry of our network, we cannot directly determine rupture length of the events, but previous 406 studies suggest that the entire WIP ruptures during events [Wiens et al., 2008] and our 407 observations in Section 3.2 also favor little variation in length. If this is the case, then the stress 408 drops vary by a factor of two for the glacial events and the variation in total seismic moment is 409 controlled by displacement, not rupture length. This is in contrast to most earthquakes where 410 rupture length varies in proportion to displacement [Kanamori and Anderson, 1975] which is now observed on the Whillans Ice Plain, is a transitional response to decreasing velocity 482 or increasing static friction, such as would accompany freezing [Sergienko et al., 2009] . 483
Based on our observations of the range of inter-event sliding velocities, and in order to 484 obtain net freezing over long time periods in Equation 5, the basal shear stress is constrained to 485 be below the 4 kPa value. During unstable sliding (slip event), the basal velocity (~0.5 m over 486 ~30 min is ~24 m/day) is at least an order of magnitude faster than during inter-event stable 487 sliding ( Figure 9 ) and promotes melting, therefore the shear stress must be significantly below 488 this upper bound. 489
In summary, we have shown that at its current surface velocity, the WIP promotes basal 490 freezing, at sub-daily timescales, up to a limit of 4 kPa, where it transitions to promoting melting. 491
Our results suggest inter-event freezing at a maximum of 7 microns. The freezing can increase 492 the static friction at the base. It can also affect shear wave velocities, and hence rupture 493 velocities, as elastic properties can be very sensitive to grain boundary fluids [Takei, 1998] . 494
Direct measurements do not exist of such small magnitude basal freezing, nor would such a 495 small change be easily directly detected between subsequent slip events. Yet, freezing of this 496 magnitude may be important for glacier dynamics, as laboratory ring-shear experiments of 497 glacier till indicate that strain within till is confined to relatively narrow zones [Iverson et al., 498 1998 ]. 499 500
Summary and Conclusions 501
We present new near-field data for glacial slip events collected during the austral summer 502 of 2008. We observe that the slip events contain a distinct initiation phase only observable in the 503 23 near-field. The amplitude of the initiation phase increases with final slip and rupture velocities, 504
indicating that both of these quantities are determined from the start of rupture. The ruptures 505 begin in a region near the suture zone between Whillans and Mercer Ice Streams. Radar data 506 indicates a distinction in bed properties that is consistent with the slip events nucleating in a 507 relatively drier, higher friction region. Between events, the rupture region continues to creep at a 508 lower rate indicating incomplete locking with the base. 509
The variation of slip between events and slip-predictability are consistent with standard 510 stick-slip models of earthquakes on isolated asperities. However, the variation in rupture velocity 511 with size is a distinct feature of glacial events that may be explained by a variation in S-wave 512 velocities controlled by extremely small-scale inter-event freezing. In order for this freezing to 513 occur, the basal shear stress cannot exceed 4 kPa. 
